The ELSA dataset is freely available from the UK Data Service to all bonafide researchers. The dataset can be accessed here: <https://discover.ukdataservice.ac.uk/series/?sn=200011>.

Introduction {#sec005}
============

Hearing impairment has become a major concern for global health. The 2015 Global Burden of Disease estimates showed that hearing impairment was the fourth leading cause of years lived with disability (YLDs) and those YLDs increase from age 35 years to 64 years \[[@pone.0234623.ref001]\]. Data from 1989 National Survey of Hearing showed that hearing impairment in both ears was experienced by approximately 21% of adults aged 17--80 years old \[[@pone.0234623.ref002]\]. A study using data from the English Longitudinal Study of Ageing (ELSA) Wave 2 showed that, in 2004, 39% of UK residents aged 60 years and older reported hearing difficulties and that this proportion increased in more advanced age groups \[[@pone.0234623.ref003]\].

There is growing evidence that hearing impairment is independently associated with the magnitude of cognitive decline \[[@pone.0234623.ref004], [@pone.0234623.ref005]\] and incident dementia \[[@pone.0234623.ref006]--[@pone.0234623.ref009]\]. In an earlier analysis of three nationally representative longitudinal data sets from the United States and Europe, we found that sensory (hearing and/or visual) impairment was associated with accelerated cognitive decline among people aged 50 or older and that the association was stronger among those with dual sensory (hearing and visual) impairment \[[@pone.0234623.ref010]\]. This association was independent of demographic and socioeconomic factors, health behaviours, symptoms of depression, and the presence of chronic diseases.

There is therefore evidence of an association between hearing impairment with cognitive decline and dementia. But the nature of the relationship between hearing impairment and cognitive function is unclear \[[@pone.0234623.ref011], [@pone.0234623.ref012]\]. A number of mechanisms are proposed in the literature: declining cognitive capacity leading to hearing loss, poorer hearing function causing accelerated cognitive decline \[[@pone.0234623.ref006]--[@pone.0234623.ref008]\], and the presence of third factors causing both types of decline \[[@pone.0234623.ref013], [@pone.0234623.ref014]\]. In relation to the possibility that declining cognitive capacity leads to hearing loss, prior study hypothesises that the declining cognitive ability results in poorer auditory perception as reduced cognitive capacity may constrain perceptual processing of stimuli \[[@pone.0234623.ref012], [@pone.0234623.ref015], [@pone.0234623.ref016]\]. Alternatively, hearing loss and cognitive decline may be associated because of a shared common factor(s) \[[@pone.0234623.ref013]\].

A large amount of experimental research demonstrates that cognitive factors--including memory, attention and processing speed--are critical for 'listening' \[[@pone.0234623.ref017]--[@pone.0234623.ref020]\]. Cognitive factors also impact on performance on tests of low-level auditory perception, including detection of pure tones \[[@pone.0234623.ref021]\]. But longitudinal evidence for declining cognitive capacity leading to hearing loss is limited. To our knowledge, only one study has shown that cognitive impairment was associated with faster declines in hearing threshold \[[@pone.0234623.ref022]\]. That study used data from four waves spanning 11 years of the Mini-Mental State Examination, a verbally administered screen of global cognitive function, to measure the cognitive ability \[[@pone.0234623.ref022]\]. Unfortunately, the MMSE is sensitive to hearing function and this susceptibility may have confounded the results \[[@pone.0234623.ref023], [@pone.0234623.ref024]\]. In contrast, a study using two waves of data from the Baltimore Longitudinal Study of Aging found that cognitive function in the first wave did not correlate with change in audiometrically assessed hearing function in the second wave \[[@pone.0234623.ref025]\]. However, those studies used data from two time points only 2 years apart which restrict potential to characterise trajectories of the cognitive function.

We address these issues by employing a three-step latent class analysis with a distal outcome in a population-based cohort study of people with self-reported normal hearing at baseline, with repeated measures of recall memory available across the older age life course and objective hearing measures in the final wave. This study aims to identify recall memory trajectories in older people living in England and test whether trajectories of recall memory during the preceding decade are associated with the development of hearing impairment.

Materials and method {#sec006}
====================

This study forms part of the SENSE-Cog multi-phase research programme, funded by the European Union Horizon 2020 programme. SENSE-Cog aims to promote mental well-being in older adults with sensory and cognitive impairments (<http://www.sense-cog.eu/>). The first work package of this project aims to better understand the links between sensory, cognitive and mental ill-health in older Europeans. Ethical review for this study has been granted by the Ethical Review in H2020 panel number 668468_Sense-cog.

Subjects {#sec007}
--------

Subjects were participants in the English Longitudinal Study of Ageing (ELSA), an ongoing biannual, nationally representative, longitudinal study of men and women aged 50 and older in England \[[@pone.0234623.ref026]\]. The ELSA provides information on demographics, socio-economics, social participation, and health. Ethical approval for ELSA was obtained from the National Health Service Research Ethics Committees under the National Research and Ethics Service. All participants gave written informed consent. All methods were performed in accordance with approved guidelines and regulations. The first wave of ELSA (2002/03) recruited 11,391 individuals aged 50 years old and older from households previously responding to the Health Survey for England and their partners. To date, there have been eight waves of ELSA, with data from the first seven waves used here. Information on subjective hearing function is available in all waves, while an objective hearing examination was only performed in Wave 7. The information on hearing function available in the first wave of ELSA included only self-reported hearing quality, which was determined using the question: 'Is your hearing \[using a hearing aid as usual\] excellent (1), very good (2), good (3), fair (4) or poor (5)?'. We identified participants who reported having fair or poor hearing in the first wave as having a hearing impairment \[[@pone.0234623.ref010]\]. The present analysis thus includes respondents from Wave 1 aged 50 years and older who did not report a hearing impairment in the first wave and who underwent an objective hearing examination in Wave 7. The final sample consisted of 3,615 individuals. Differences between the analytic sample (3,615) and excluded sample (n = 726) were tested with Kruskal-Wallis one-way analysis of variance for numerical variables and ordinal chi-square tests for categorical variables as appropriate ([S1 Table](#pone.0234623.s001){ref-type="supplementary-material"}). There were more women than men in the analytic sample, conversely in the excluded sample (*p*\<0.001). The excluded sample had lower recall memory scores on average (*p*\<0.001), lower education attainment (*p*\<0.001), and were poorer (p\<0.001), and older (74 versus 72.2; *p*\<0.001) than the analytic sample. The proportion of the excluded sample with objective hearing impairment in wave 7 (26.8%) was higher than that of analytic sample (6.9%).

Objective hearing function measure {#sec008}
----------------------------------

Objective hearing function in respondents to Wave 7 was measured using a hearing screening device (HearCheck Screener, Siemens, Germany). The Health Survey for England validated this device in 2014 \[[@pone.0234623.ref027]\]. Respondents reported how many of the three tones they heard for each frequency (1000 Hz and 3000 Hz) in each ear. Respondents were categorised as not having hearing impairment if they heard at least two low-pitched sounds (1000 Hz) and at least one high-pitched sound (3000 Hz) in the better ear, corresponding to audiometric hearing thresholds greater than 35 dB HL at 1000 Hz and 3000 Hz. These thresholds have been identified as being the most useful frequencies for screening for hearing impairment, indicating a level of hearing impairment such that a person would likely benefit from a hearing aid \[[@pone.0234623.ref027]\]. For the sensitivity analysis, we used the sum of the number of tones (both low- and high-pitched sounds) that participants heard in both ears. Objective hearing function (as measured by the number of tones that participants heard in both ears) at wave 7 had a significant correlation with subjective hearing function (indicated on the 5-point Likert scale described above) at the same wave (Spearman correlation = -0.47, *p*\<0.001).

Recall memory measure {#sec009}
---------------------

We used recall memory scores to measure cognitive function. The recall memory test consisted of verbal recall of a list of ten simple words. Respondents heard the complete list only once, and the test was carried out twice: immediately after the words were read out (immediate recall) and at the end of the cognitive function module (delayed recall). The raw total scores of both tests correspond to the number of words that the respondent recalled. The maximum recall memory score is 20.

Confounders {#sec010}
-----------

We included an extensive set of confounders, measured at Wave 7, that are known to affect hearing function among older adults \[[@pone.0234623.ref003], [@pone.0234623.ref028]\]. Demographic covariates included age, sex (with male as the reference) and marital status (married/partnered, divorced, widowed, and single as the reference). Socioeconomic determinants include, education (primary as the reference, high school, and college or higher) and wealth tertiles (poorest as the reference, middle, and richest). We used the aggregate of private pension wealth and state pension wealth to measure the wealth of the respondents.

Hearing function is known to be affected by health behaviour and health status \[[@pone.0234623.ref029], [@pone.0234623.ref030]\]. The measures of health behaviour included were smoking, alcohol consumption and physical activity level. Respondents were categorised as current smokers, past smokers, or non-smokers. For alcohol consumption we classified respondents as drinking regularly if they consumed alcohol 5--7 days per week. We categorised respondents as engaging in moderate and vigorous physical exercise if they reported exercising as least once a week. The respondents responded to the questions whether they take part in sports or activities that are vigorous and moderately energetic, respectively. For health status, we included a series of indicators of chronic conditions, based on positive medical history (self-report of "has been diagnosed by doctors"), including diabetes, heart attack, hypertension, chronic lung disease, stroke, and cancer.

Statistical analysis {#sec011}
--------------------

This study comprised three analytic phases of latent class modelling with distal outcomes to identify the relationship between various cognitive trajectories and hearing impairment \[[@pone.0234623.ref031]\]. In the first phase, we built latent class trajectory models to identify trajectories of recall memory scores over 13 years. Latent class trajectory model is an extension form of finite mixture modelling, which describes the course of recall memory scores through a regression function using continuous latent growth factors \[[@pone.0234623.ref032]\]. We used a latent class trajectory model as it could classify respondents into distinct groups based on their response patterns so that respondents within a group are more similar than respondents between groups. The intercept represents the level of recall memory scores at baseline. The change in recall memory scores over time is accounted for by the linear and quadratic slopes of the growth factors. We calculated the posterior probabilities for each trajectory taking into account the respondents' age (at baseline), sex, and educational level.

We then assigned the respondents post hoc to the trajectory with highest probability in the second phase. We selected the best model fit among a finite set of the models including up to five classes based on the following criteria: lower Bayesian Information Criteria (BIC), every class contains more than 5% of the respondents, and distinction between classes. [S2 Table](#pone.0234623.s002){ref-type="supplementary-material"} shows the regression parameters of the latent class models, while [S3 Table](#pone.0234623.s003){ref-type="supplementary-material"} provides information on the fit criteria for each set of models. The characteristics of respondents at wave 7 (sociodemographic, health behaviour, and health status) were compared across latent class trajectories of recall memory scores (highest, 2nd, 3rd, and lowest) using ordinal chi-square tests for categorical variables and Kruskal-Wallis one-way analysis of variance for numerical variables.

In the third phase, a logistic regression of hearing impairment on recall memory trajectories while controlling for other determinants in wave 7 was explored. The previously developed four-class trajectories were maintained. Using the model-based latent class analysis approach to distal outcomes incorporates hearing impairment as a continuous external consequence and produces coefficients expressing the probability of having hearing impairment given latent class membership while keeping the classification errors \[[@pone.0234623.ref031]\]. For this second analysis, hearing impairment was defined as the inability to hear tones at 35 dB HL at 1000 Hz and 3000 Hz in the better ear. We conducted latent class modelling with a distal outcome, with hearing function (the sum of the number of tones participants heard in both ears) as a continuous external consequence for the sensitivity analysis. We used sampling weights for all analyses to adjust for non-response and to ensure population representativeness. The analyses were conducted using LatentGOLD 5.1 and STATA 16.

Results {#sec012}
=======

The Wave 7 (2014--2015) sample profile is described in [Table 1](#pone.0234623.t001){ref-type="table"}. The study sample comprised 3,615 respondents (59.7% female) with a mean age of 72.2 years (see [Table 1](#pone.0234623.t001){ref-type="table"}, second column from the left). The mean episodic memory score was 10.2. Most of the respondents were married (61.9%) and had finished college or higher education (53.4%). Approximately 7.9% and 21.0% of respondents were current smokers and drank alcohol regularly, respectively. Slightly more than 60% of respondents engaged in moderate physical activity, while only 17.7% of respondents engaged in vigorous physical activity at least once a week.

10.1371/journal.pone.0234623.t001

###### Descriptive statistics of the analytic sample in Wave 7 (n = 3,615).

![](pone.0234623.t001){#pone.0234623.t001g}

  Variable                             All[\*](#t001fn001){ref-type="table-fn"}   Highest recall memory[\*](#t001fn001){ref-type="table-fn"}   2^nd^ [\*](#t001fn001){ref-type="table-fn"}   3^rd^ [\*](#t001fn001){ref-type="table-fn"}   Lowest recall memory   p-value
  ------------------------------------ ------------------------------------------ ------------------------------------------------------------ --------------------------------------------- --------------------------------------------- ---------------------- ---------
  Episodic memory score                10.2 (3.6)                                 14.9 (2.1)                                                   11.8 (2.1)                                    8.7 (2.4)                                     4.1 (2.3)              \<0.001
  Age                                  72.2 (6.9)                                 67.6 (4.7)                                                   70.3 (5.8)                                    74.3 (6.9)                                    78.4 (6.7)             \<0.001
  Female                               2,158 (59.7)                               322 (72.6)                                                   852 (60.9)                                    765 (55.0)                                    219 (56.8)             \<0.001
  *Marital status*                                                                                                                                                                                                                                                \<0.001
  Single                               165 (4.5)                                  20 (4.5)                                                     67 (4.8)                                      52 (3.7)                                      26 (6.7)               
  Married                              2,241 (61.9)                               312 (70.4)                                                   956 (68.4)                                    810 (58.2)                                    163 (42.3)             
  Divorced                             425 (11.7)                                 52 (11.7)                                                    171 (12.2)                                    168 (12)                                      34 (8.8)               
  Widowed                              784 (21.6)                                 59 (13.3)                                                    203 (14.5)                                    360 (25.9)                                    162 (42.0)             
  *Education*                                                                                                                                                                                                                                                     \<0.001
  Primary                              963 (26.6)                                 16 (3.6)                                                     208 (14.8)                                    497 (35.7)                                    242 (62.8)             
  High school                          722 (19.9)                                 85 (19.1)                                                    336 (24.0)                                    263 (18.9)                                    38 (9.8)               
  College or higher                    1,930 (53.3)                               342 (77.2)                                                   853 (61.0)                                    630 (45.3)                                    105 (27.2)             
  *Wealth*                                                                                                                                                                                                                                                        \<0.001
  1^st^ tertile (poorest)              1,096 (30.3)                               71 (16.0)                                                    346 (24.7)                                    475 (34.1)                                    204 (52.9)             
  2^nd^ tertile                        1,260 (34.8)                               123 (27.7)                                                   485 (34.7)                                    518 (37.2)                                    134 (34.8)             
  3^rd^ tertile (richest)              1,259 (34.8)                               249 (56.2)                                                   566 (40.5)                                    397 (28.5)                                    47 (12.2)              
  *Smoking Behaviour*                                                                                                                                                                                                                                             0.001
  Non-smoker                           1,547 (42.7)                               221 (49.8)                                                   611 (43.7)                                    572 (41.1)                                    143 (37.1)             
  Past smoker                          1,782 (49.2)                               195 (44.0)                                                   677 (48.4)                                    710 (51.0)                                    200 (51.9)             
  Current smoker                       286 (7.9)                                  27 (6.0)                                                     109 (7.8)                                     108 (7.7)                                     42 (10.9)              
  *Drinking Behaviour*                                                                                                                                                                                                                                            
  Drinking regularly                   681 (21.0)                                 123 (29.0)                                                   280 (21.7)                                    245 (19.6)                                    33 (12.0)              \<0.001
  *Physical activity*                                                                                                                                                                                                                                             
  Moderate physical activity           2,197 (60.7)                               336 (75.8)                                                   982 (70.3)                                    763 (54.8)                                    116 (30.1)             \<0.001
  Vigorous physical activity           642 (17.7)                                 117 (26.4)                                                   306 (21.9)                                    197 (14.1)                                    22 (5.7)               \<0.001
  *The presence of chronic diseases*                                                                                                                                                                                                                              
  Heart diseases                       223 (6.1)                                  12 (2.7)                                                     64 (4.5)                                      100 (7.1)                                     47 (12.2)              \<0.001
  Diabetes mellitus                    475 (13.1)                                 31 (7.0)                                                     165 (11.8)                                    201 (14.4)                                    78 (20.6)              \<0.001
  Stroke                               207 (5.7)                                  9 (2.0)                                                      58 (4.1)                                      91 (6.5)                                      49 (12.7)              \<0.001
  Cancer                               247 (6.8)                                  23 (5.1)                                                     91 (6.5)                                      101 (7.2)                                     32 (8.3)               0.280
  Lung diseases                        202 (5.5)                                  14 (3.1)                                                     65 (4.6)                                      98 (7.0)                                      25 (6.4)               0.004

\* Presented are mean (SD) or number (%).

After examining fit statistics, latent class prevalence, and interpretability, we found four trajectories of memory change over the 13-year period under study: the highest (12.2% of the sample), 2nd highest (38.6%), 3rd highest (38.4%), and lowest recall memory trajectories (10.6%) (see [Fig 1](#pone.0234623.g001){ref-type="fig"}). The recall memory trajectories in [Fig 1](#pone.0234623.g001){ref-type="fig"} differ in the intercepts and mean of the memory scores. The trajectory of recall memory among the respondents in the highest recall memory group ends at 86 as they are younger than other age groups. The oldest respondent in that group was aged 86 in the final wave. The four middle columns in [Table 1](#pone.0234623.t001){ref-type="table"} summarise the characteristics of respondents according to trajectory class in Wave 7. Respondents with the highest recall memory trajectory were likely to perform better on the memory test over time, younger, to be wealthier, and better educated than those with lower recall memory trajectories. Furthermore, the highest proportion of respondents engaging in moderate or vigorous physical activity at least once a week was found in the group with the highest recall memory trajectory.

![Four trajectories of episodic memory scores.\
Source: ELSA Waves 1--7 (2002--2015).](pone.0234623.g001){#pone.0234623.g001}

The results of putting together contemporaneous risk factors of hearing impairment are presented in [Table 2](#pone.0234623.t002){ref-type="table"}, left column. We refined this initial model by adding indicators of recent recall memory trajectories to arrive at the final model (right column). In the initial model, several risk factors show strong and significant associations with hearing impairment. Age had a significant and positive relationship with the presence of hearing impairment. Being female, having higher education, being wealthy, drinking alcohol regularly and being more active were correlated with lower odds of having hearing impairment.

10.1371/journal.pone.0234623.t002

###### Results for hearing impairment models (with and without recall memory trajectories).

![](pone.0234623.t002){#pone.0234623.t002g}

                                                 Model 1 (without recall memory trajectories) [\*](#t002fn001){ref-type="table-fn"}   Model 2 (with recall memory trajectories) [\*](#t002fn001){ref-type="table-fn"}
  ---------------------------------------------- ------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------
  *Class trajectories (Ref*: *highest memory)*                                                                                        
  2nd                                                                                                                                 2.38 (1.99; 2.84) [‡](#t002fn004){ref-type="table-fn"}
  3rd                                                                                                                                 4.63 (3.73; 5.74) [‡](#t002fn004){ref-type="table-fn"}
  Lowest memory                                                                                                                       7.9 (5.42; 11.53) [‡](#t002fn004){ref-type="table-fn"}
  Age                                            1.01 (1.00; 1.01) [†](#t002fn003){ref-type="table-fn"}                               1.00 (1.00; 1.01) [†](#t002fn003){ref-type="table-fn"}
  Female                                         0.64 (0.52; 0.73) [‡](#t002fn004){ref-type="table-fn"}                               0.79 (0.70; 0.90) [‡](#t002fn004){ref-type="table-fn"}
  *Education (Ref*: *Primary)*                                                                                                        
  High school                                    0.61 (0.51; 0.72) [‡](#t002fn004){ref-type="table-fn"}                               0.89 (0.74; 1.07)
  College or higher                              0.74 (0.65; 0.85) [‡](#t002fn004){ref-type="table-fn"}                               0.88 (0.76; 1.01)
  *Marital status (Ref*: *Single)*                                                                                                    
  Married                                        1.16 (0.83; 1.61)                                                                    1.23 (0.88; 1.71)
  Divorced                                       1.37 (0.95; 1.98)                                                                    1.51 (1.04; 2.19) [†](#t002fn003){ref-type="table-fn"}
  Widowed                                        2.48 (1.75; 3.5) [‡](#t002fn004){ref-type="table-fn"}                                2.25 (1.58; 3.13) [‡](#t002fn004){ref-type="table-fn"}
  *Wealth (Ref*: *1*^*st*^ *tertile)*                                                                                                 
  2^nd^ tertile                                  1.01 (0.88; 1.15)                                                                    1.11 (0.96; 1.27)
  3^rd^ tertile (richest)                        0.58 (0.49; 0.68) [‡](#t002fn004){ref-type="table-fn"}                               0.73 (0.61; 0.87) [‡](#t002fn004){ref-type="table-fn"}
  *Smoking behaviour (Ref*: *Non-smoker)*                                                                                             
  Past smoker                                    1.49 (1.32; 1.69) [‡](#t002fn004){ref-type="table-fn"}                               1.48 (1.31; 1.67) [‡](#t002fn004){ref-type="table-fn"}
  Current smoker                                 0.85 (0.66; 1.09)                                                                    0.85 (0.65; 1.1)
  Drinking regularly                             0.70 (0.6; 0.83) [‡](#t002fn004){ref-type="table-fn"}                                0.75 (0.63; 0.89) [‡](#t002fn004){ref-type="table-fn"}
  Moderate physical activity                     0.71 (0.63; 0.8) [‡](#t002fn004){ref-type="table-fn"}                                0.86 (0.76; 0.97) [†](#t002fn003){ref-type="table-fn"}
  Vigorous physical activity                     0.79 (0.66; 0.96)                                                                    0.88 (0.73; 1.06)
  *The presence of chronic diseases*                                                                                                  
  Heart diseases                                 1.17 (0.95; 1.44)                                                                    1.11 (0.90; 1.37)
  Diabetes mellitus                              1.17 (1; 1.36) [†](#t002fn003){ref-type="table-fn"}                                  1.14 (0.98; 1.33)
  Stroke                                         1.35 (1.09; 1.66) [‡](#t002fn004){ref-type="table-fn"}                               1.24 (1; 1.53) [†](#t002fn003){ref-type="table-fn"}
  Cancer                                         0.84 (0.67; 1.06)                                                                    0.83 (0.65; 1.05)
  Lung diseases                                  0.94 (0.75; 1.19)                                                                    1.00 (0.79; 1.27)

\* Presented are odds ratios (confidence intervals).

Sig.

†: significant at 5% or less

‡: significant at 1% or less.

When the 13-year-long cognitive trajectories were added to the initial model, they proved to be significant (right column). The highest recall memory trajectory served as the referent. The relationships between cognitive trajectories and hearing impairment showed a graded effect. Relative to those with most advantaged trajectory, those with the 2nd highest, 3rd highest, and lowest recall memory trajectories were more than twice, four and seven times more likely than the reference (highest memory scores) to suffer hearing impairment, respectively. The grading effect also appears in the sensitivity analysis (see [S4 Table](#pone.0234623.s004){ref-type="supplementary-material"}). Those with the 2nd highest (β = -0.17, *p*\<0.001), 3rd highest (β = -0.47, *p*\<0.001), and lowest recall memory trajectories (β = -1.70, *p*\<0.001) were able to hear fewer tones in the hearing test. This sensitivity analysis suggests that the results are robust to the measure of hearing impairment used.

Discussion {#sec013}
==========

In a population-based sample of older English adults, we identified four trajectories of recall memory change over a 13-year period (see [Fig 1](#pone.0234623.g001){ref-type="fig"}). Supporting prior research \[[@pone.0234623.ref033]\], we identified the highest recall memory trajectory and the lowest recall memory trajectory over time. We further demonstrated that those four recall memory trajectories strongly predict hearing impairment. Not only is an individual's past trajectory of recall memory predictive of hearing loss, it is also the strongest predictor by far. For example, members of the group with the lowest recall memory trajectory have seven times higher odds to have hearing impairment at the end of more than a decade of study than members of the group with the highest recall memory trajectory.

Mechanisms and implications {#sec014}
---------------------------

From a theoretical perspective, this study provides the first evidence that decreased recall memory ability predicts hearing impairment. The pathways between cognition and hearing function among older adults are not well understood. One plausible mechanism of the relationship is neurobiological. Research has established the positive correlations between cognitive function and total brain volume \[[@pone.0234623.ref034]--[@pone.0234623.ref036]\], which may influence the functioning of auditory processes in the brain. Histopathological involvement of auditory cortices has been found in Alzheimer's disease and other dementias \[[@pone.0234623.ref037]--[@pone.0234623.ref039]\]. The general process in the central auditory system includes matching new inputs with existing memory as well as experience of the auditory world with other sensory systems \[[@pone.0234623.ref040], [@pone.0234623.ref041]\]. In addition to the process within the auditory system, there is a cortico-cortical process that provides integration of the auditory process and other sensory systems, memory, knowledge, and decision-making processes. The neurodegenerative process may disrupt both central auditory and cortico-cortical processes, leading to deficient perception of sounds and a more cautious or impaired decision-making process. A study in the US found that auditory cortical activity as measured by P50 amplitude and P300 latency decreased with normal ageing and decreased additionally with mild cognitive impairment \[[@pone.0234623.ref042]\].

Another potentially relevant mechanism is a shared underlying pathology, such as vascular diseases or intrinsic cellular ageing, that leads to ageing of both the brain and the auditory organs \[[@pone.0234623.ref013], [@pone.0234623.ref014], [@pone.0234623.ref016], [@pone.0234623.ref043], [@pone.0234623.ref044]\]. However, further explanation is warranted because the association between recall memory trajectories and the presence of hearing impairment in the present analyses remained after controlling for the effects of potential covariates (e.g. age, stroke, heart diseases).

Finally, recent trajectories of recall memory scores could also potentially predict hearing impairment through the broader influence of cognitive ability on physical activity. Likewise, social networks could mediate the observed association of cognition and a higher probability of hearing impairment. Better cognition may facilitate physical activity \[[@pone.0234623.ref045]\], which in turn protects older adults against chronic diseases \[[@pone.0234623.ref046], [@pone.0234623.ref047]\]. The presence of chronic diseases, including stroke, diabetes, hypertension and other cardiovascular diseases, are among the risk factors for hearing impairment \[[@pone.0234623.ref028]--[@pone.0234623.ref030]\]. Better cognitive function is associated with richer social networks \[[@pone.0234623.ref048]\], and similar to physical activity, social relationships are important for good health \[[@pone.0234623.ref049], [@pone.0234623.ref050]\].

From a clinical perspective, the findings from the current study emphasise the importance of assessing auditory function for patients with cognitive impairment or dementia to identify those who are at increased risk for future hearing impairment. Hearing loss is highly prevalent \[[@pone.0234623.ref001]--[@pone.0234623.ref003]\], and hearing loss may be both preventable and treatable with rehabilitative devices and strategies that remain mostly underutilised. As the timing of rehabilitation is a crucial factor for the success of interventions in old age, early identification of hearing loss may increase the success rates of treatment and reduce the impact of hearing loss. Our findings that cognitive decline predicts future hearing impairment may also present a challenge for adjustment to new hearing aids and effective use of hearing aids among those with cognitive limitations.

Another suggestion derivable from our findings is that older adults with hearing impairments might profit from interventions designed to prevent cognitive decline, such as physical activity \[[@pone.0234623.ref051]\] and the multidomain intervention (combination between diet, exercise, cognitive training and vascular risk monitoring) \[[@pone.0234623.ref052], [@pone.0234623.ref053]\]. Well-designed future studies are needed to determine whether those interventions can attenuate or prevent hearing impairment.

This study has several limitations. Firstly, there were no objective data on hearing at baseline. Self-reported hearing a good indicator of hearing status, but tends to under-identify cases of hearing impairment \[[@pone.0234623.ref054]\]; so people with a hearing impairment may have been included at baseline. The second limitation is that the present study was observational, so we were not able to interpret the association between cognitive trajectories and hearing impairment as causal. Future randomised controlled trials are required to confirm causality. Although we controlled for a wide range of potential confounders, other unmeasured factors could be important. Thirdly, the objective measures of hearing function involved the HearCheck audiometric screener device instead of full audiometry. The proportion of the respondents with objective hearing impairment included in this study was lower for the age group (6.9%). Prior studies using national samples showed that the prevalence of hearing impairment among adults aged 50 years and older ranges from 20 to 40% \[[@pone.0234623.ref055]\]. The definition of hearing loss in this study was not the usual four frequency average of thresholds at 500, 1000, 2000 and 4000 Hz. It was performance on a pure tone audiometry screen with hearing loss equivalent to better ear threshold \>35 dB HL at 1000 or 3000 Hz. Hearing loss usually appears first at higher frequencies, so including lower frequencies in an average hearing loss may make the hearing loss index less sensitive to early hearing loss. The 3000 Hz criterion for our hearing loss measure should make it reasonably sensitive to early hearing loss. The accuracy of HearCheck has been established in a sample of adults a similar age to those in the cohort in this study \[[@pone.0234623.ref056]\]. HearCheck had 89% sensitivity and 62% specificity with respect of audiometrically tested hearing at 35 dB HL. Fourth, the cognitive ability was measured using verbally administered tests. The relationship between the trajectories of recall memory and hearing function in this study may therefore be an artefact of verbal assessment. Finally, episodic memory as the main outcome does not define cognitive ageing; it is only one among many cognitive functions that change with age \[[@pone.0234623.ref057]\]. Furthermore, the age-related changes in those different cognitive abilities occur at different rates \[[@pone.0234623.ref058], [@pone.0234623.ref059]\]. Episodic memory, however, does represent one of the earliest indicators of neurodegenerative disorders \[[@pone.0234623.ref060]\] and is important for financial decision-making in later life \[[@pone.0234623.ref061], [@pone.0234623.ref062]\].

Conclusions {#sec015}
===========

In conclusion, the results of this study point to a new finding in cognitive ageing: that 13-year cognitive trajectories predict hearing status. Our results add new evidence linking cognitive ability to hearing function, suggesting the importance of addressing cognitive abilities when assessing hearing performance and, conversely, of being aware of hearing impairment when diagnosing, screening and managing patients with cognitive impairment or dementia. We further suggest that interventions aimed at improving cognition (e.g. physical activity (51) and its combination with other domain \[[@pone.0234623.ref052], [@pone.0234623.ref053]\] may also bring benefit on hearing performance.
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Dear Dr Maharani,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

The manuscript deals with an important research question of the mechanisms behind the decline of cognitive functioning and sensory impairments.

It seems relevant to allude a bit more to the biological and other mechanisms behind cognitive and sensory decline already in the introduction.

Conceptual issues:

Since there are studies available that have investigated the simultaneous change of hearing ability and recall memory, the main point to address in a revision is a stronger motivation of the study's research question. Weak points of the study as it stands now are, firstly, the non-availability of objective hearing measurements before wave 7. Secondly, as the sample as it is set up is quite selective -- limiting to respondents who participate in several waves, excluding those with subjective hearing impairment at first wave -- one needs to include weights to speak of a nationally representative sample. Third, I am not fully convinced by the idea to use cognitive tests to predict hearing impairment. There is an individual and societal impact of hearing impairment in terms of years lived with disability, but the impact of memory problems on years lived with disability, plus associated social and healthcare costs are much higher for memory problems. Lastly, there is at the moment little hope to be able to dramatically change the course of cognitive trajectories soon -- the FINGER intervention only published their results for the two-year follow-up so far, and aside from this study there is little evidence that cognitive decline can be postponed or even reversed. Further, we don't know anything about the drug that was recently submitted for FDA approval to work against Alzheimer's at the moment, so a medical cure is also not in immediate sight.

Methodological issues:

\- I agree with the methodological issues pointed out by both reviewers. I would like to ask you address them by carrying out and reporting the suggested additional analyses.

\- It seems reasonable to select people without subjective hearing impairment at t1, but I suggest to include more information on the differences between this subjective measure (asking about hearing impairment with usual aids, i.e. compensating possibly existing hearing impairment) and an objective hearing test.

\- What is the correlation between subjective hearing impairment at wave 7 and the objective hearing test?

\- The claim to predict hearing impairment based on the cognitive trajectories more than a decade in advance needs to be substantiated by a test on the ability of the intercept of these trajectories, i.e. a time point more than a decade earlier than the hearing test, to predict hearing impairment.

The revision, as pointed out above, will need to address all of the above-mentioned points, particularly present a stronger motivation and the suggested additional analyses by the reviewers.

We would appreciate receiving your revised manuscript by Jan 19 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Anja K Leist, Dr. rer. nat. (equiv. PhD)

Academic Editor

PLOS ONE

Journal Requirements:

1\. When submitting your revision, we need you to address these additional requirements.

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. Thank you for stating the following in the Acknowledgments Section of your manuscript:

This work was supported by SENSE-Cog project. This project has received funding from the European Union's Horizon 2020 research and innovation programme under grant agreement No 668648.

We note that you have provided funding information that is not currently declared in your Funding Statement. However, funding information should not appear in the Acknowledgments section or other areas of your manuscript. We will only publish funding information present in the Funding Statement section of the online submission form.

Please remove any funding-related text from the manuscript and let us know how you would like to update your Funding Statement. Currently, your Funding Statement reads as follows:

SENSE-Cog project has received funding from the Horizon 2020 Framework Programme (633491) research and innovation programme under grant agreement No 668648. PD is supported by the UK National Institute for Health Research (01A1-CSPP04-014).

The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

3.  One of the noted authors is a group or consortium: SENSE-Cog WP1 group

In addition to naming the author group, please list the individual authors and affiliations within this group in the acknowledgments section of your manuscript. Please also indicate clearly a lead author for this group along with a contact email address.

4\. Please provide additional details regarding participant consent. In the ethics statement in the Methods and online submission information, please ensure that you have specified whether consent was written or verbal/oral. If consent was verbal/oral, please specify: 1) whether the ethics committee approved the verbal/oral consent procedure, 2) why written consent could not be obtained, and 3) how verbal/oral consent was recorded. If your study included minors, please state whether you obtained consent from parents or guardians in these cases.
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This article adds to the growing literature teasing out hearing-cognition relations in later adulthood. Unlike the majority of research in this area which focuses on hearing as a risk-factor for future cognitive decline -- this study considers the opposite direction and explores cognitive decline as a predictor of future hearing impairment. This is its key contribution to the literature.

The article is clearly written, the research question is justified with good rationale, and the methods relatively sound. I have the following comments to make:

Introduction:

Page 3, line 68: As I understand it, Kiely et al did include time-dependent measure of cognition and found incidence of cognitive impairment to be linked with higher hearing thresholds. So , yet limitations of Kiely et al remain -- they used a verbally administered screen of global cognitive function (the MMSE) and so were unable to look at cognitive domains or actuals trajectories. Thus, the work of this paper provides important addition .

One other important study to include is Armstrong et al 2018 Journals of Gerontology ( <https://doi.org/10.1093/gerona/gly268>) who used cross-lagged panel regression to explore reciprocal relationship between hearing and cognition over two time points. They did not find prior cognition to predict future hearing levels. I also encourage authors to consider the findings of Lindenberger and Ghisletta 2009 Psych and Aging (<https://psycnet.apa.org/record/2009-03151-001>) and the earlier work of Baltes and Lindenberger ('94, '97) who laid the theoretical foundations for this research question.

Methods

A self rated hearing item has been applied to select the sample. This is appropriate as it restricts the sample to those more likely to be later identified with hearing impairment due to age related processes.

The definition of audiometric defined hearing impairment used at wave 7 is also reasonable, but should be made clear that this differs from the more commonly applied PTA\>25dB (mild), PTA\>40dB (moderate) for 500-4000 Hz etc...

Cognitive measures appear to be verbally administered -- associations between hearing and cognition may therefore be (in part) an artefact of verbal assessment. This is a common limitation in this line of research but should be acknowledged in the discussion.

Much more information on the modelling of the latent classes is needed. Are the latent classes derived from intercept and slope factors from a latent growth curve? How was variance within the classes estimated? etc\...

Table 1

Without referring to deep into the results section it is not clear what is meant by "most advantaged". What is the variable stratifying the sample in the columns? This should be made obvious in the table header.

Please ensure consistent reporting to decimal places. (e.g. age SD reported as 7 rather than 7.0 for class 3 and class 4)

Table 1 refers to wealth. Is this wealth or income? In text it appears to be referred to as income.

Figure 1 and the latent classes

These are interesting, but appear to simply reflect differences in levels? Are there differences in the way these classes are changing over time?

Why does the line in figures 1 for most advantaged class stop around age 85 whereas other classes lines continue to age 90? It looks like the grades of cognitive advantaged trajectories are strongly tied with age. Is this true? I would like to see mention of this on page 9-10 (lines 180-184) where a description of characteristics of each class is proved. i.e. most advantaged class has higher income, more education, more social engagement, higher levels of exercise AND is also younger, which may explain all these differences?

I wonder if it would have been simpler, and just as instructive, to regress hearing impairment at wave 7 on latent factors for intercept and slope that are estimated from a latent growth curve for cognition.

Table 2

Am I correct in interpreting the coefficients as the log-odds as the outcome is binary? Is this effectively a logistic regression? Some readers might benefit from reporting of odds ratios.

Discussion:

Overall the discussion is very nicely presented.

Again, I felt the manuscript would benefit from bringing stronger theoretical foundations earlier outlined by Baltes and Lindenberger. Schneider and Pichora-Fuller's chapter in Craik and Salthouse' Handbook of Aging and Cognition (2000) also give very thorough account of this.

There is discussion of clinical perspectives and managing hearing loss. What is missing (or could at least be made more clearly) is consideration of the implications of these findings for hearing aid use. If cognitive impairment/decline/problems predict future hearing impairment, then this may presents a challenge for adjustment to new hearing aids and effective use of hearing aids among those with cognitive limitations.

Reviewer \#2: This study evaluates associations between classes of recall memory trajectories and hearing impairment in old age. The classes were derived from latent class growth mixture models fitted to wave 1-7 from the English Longitudinal Study of Aging, and hearing impairment was defined as the inability to hear tones quieter than 35 dH HL at wave 7.

Given the way the data analyses were executed, I found it difficult to grasp what is the actual contribution of the study beyond what we already know from previous work, i.e., that memory performance and hearing impairment are correlated (at the population level) in old age. It is unclear what combination of parameters in the growth models are used to derive and define the classes, is it the level, slope, variance/covariance structure, residuals, and so forth? This information is essential for interpretation of the findings.

Also, reasons and justification for the model selection is unclear to my. What is actually gained by relying on latent class modelling in the context of the data and research questions? Is a multivariate normal assumption unrealistic for some reasons? Are there any neuronal factors or data patterns that may justify the mixture assumption? To me, it seems more informative to rely on the multivariate normal assumption and simply fit a conventional growth curve model to the data using the hearing impairment as covariate determining recall level and change, unless there are some specific reasons why that model could be misleading.

For matter of communicative precision I suggest that you replace "cognitive function" for "recall memory" in the title (and the rest of the manuscript).

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Author response to Decision Letter 0

13 Feb 2020

Dear Reviewer,

We are very pleased with the review and your efforts in giving feedback on the manuscript. Your recommendations were very useful to strengthen the article. Below you will find your comments numbered and in italic, each followed by a short description of how the comment is implemented in the revised manuscript (in normal font). We have highlighted the changes within the revised manuscripts using coloured text. The number of page and paragraph in our responses refer to the revised manuscripts. We hope that we succeeded in strengthening the paper.

Yours sincerely,

The authors

Editor:

Conceptual issues:

Since there are studies available that have investigated the simultaneous change of hearing ability and recall memory, the main point to address in a revision is a stronger motivation of the study's research question.

Weak points of the study as it stands now are, firstly, the non-availability of objective hearing measurements before wave 7.

Thank you for the comments. We have included the non-availability of objective hearing measurements before wave 7 in the limitation section in Discussion (page 17, lines 309-312):

"Firstly, there were no objective data on hearing at baseline. Self-reported hearing a good indicator of hearing status, but tends to under-identify cases of hearing impairment \[54\]; so people with a hearing impairment may have been included at baseline."

Secondly, as the sample as it is set up is quite selective -- limiting to respondents who participate in several waves, excluding those with subjective hearing impairment at first wave -- one needs to include weights to speak of a nationally representative sample.

We have included weight in the analyses and included the explanation on it in page 9, lines 196-197:

"We used sampling weights for all analyses to adjust for non-response and to ensure population representativeness."

Third, I am not fully convinced by the idea to use cognitive tests to predict hearing impairment. There is an individual and societal impact of hearing impairment in terms of years lived with disability, but the impact of memory problems on years lived with disability, plus associated social and healthcare costs are much higher for memory problems.

We have included the literature offering explanation on how cognitive tests predict hearing impairment in the Introduction section (pages 3-4, lines 67-71):

"Prior studies has presented some hypotheses to explain the first mechanism, including that the declining cognitive ability results in poorer perception as it places cognitive load on perception \[12, 15, 16\]. Another hypothesis is the presence of a common cause factor related to ageing underlying both cognitive impairment and poor hearing function \[13\]."

We further point out the potential in looking beyond simply cognitive function when assessing older adults' limitation. A potential of cognitive test predicting future hearing impairment is that one might propose an assessment which considering future potential to have hearing impairment for older adults who report memory problems or have cognitive impairment (page 16, lines 294-296):

"From a clinical perspective, the findings from the current study emphasise the importance of assessing auditory function for patients with cognitive impairment or dementia to identify those who are at increased risk for future hearing impairment."

Lastly, there is at the moment little hope to be able to dramatically change the course of cognitive trajectories soon -- the FINGER intervention only published their results for the two-year follow-up so far, and aside from this study there is little evidence that cognitive decline can be postponed or even reversed. Further, we don't know anything about the drug that was recently submitted for FDA approval to work against Alzheimer's at the moment, so a medical cure is also not in immediate sight.

We have included the studies looking at the interventions to postpone or reverse cognitive decline, including the FINGER study in our manuscript (page 17, lines 304-308):

"Another suggestion derivable from our findings is that older adults with hearing impairments might profit from interventions designed to prevent cognitive decline, such as physical activity \[51\] and the multidomain intervention (combination between diet, exercise, cognitive training and vascular risk monitoring) \[52, 53\]. Well-designed future studies are needed to determine whether those interventions can attenuate or prevent hearing impairment."

Methodological issues:

\- I agree with the methodological issues pointed out by both reviewers. I would like to ask you address them by carrying out and reporting the suggested additional analyses.

We have carried out and reported the suggested additional analyses:

1\. We have included survey weight in our analyses.

2\. We have performed a bivariate analyses to compare the analytic and excluded sample.

3\. We have performed a correlation analysis between subjective hearing impairment and the objective hearing test at wave 7.

\- It seems reasonable to select people without subjective hearing impairment at t1, but I suggest to include more information on the differences between this subjective measure (asking about hearing impairment with usual aids, i.e. compensating possibly existing hearing impairment) and an objective hearing test.

We have included the information on the differences between the analytic sample and excluded sample in Supplementary Table 1 and Methods section (page 6 lines 118-125):

"Differences between the analytic sample (3,615) and excluded sample (n=726) were tested with Kruskal-Wallis one-way analysis of variance for numerical variables and ordinal chi-square tests for categorical variables as appropriates (Supplementary Table 1). There were more women than men in the analytic sample, conversely in the analytic sample (p\<0.001). The excluded sample has lower episodic memory scores on average (p\<0.001), lower education attainment (p\<0.001), poorer (p\<0.001), and older (74 versus 72.2; p\<0.001). The proportion of excluded sample with objective hearing impairment in wave 7 (26.8%) was higher than that of analytic sample (6.9)."

\- What is the correlation between subjective hearing impairment at wave 7 and the objective hearing test?

We have performed the Spearman correlation analysis to identify the correlation between subjective hearing function and objective hearing tests at wave 7 (page 6, line 132-135):

"The objective hearing function (as measured by the number of tones that participants heard in both ears) at wave 7 has significant correlation with the subjective hearing function (in 5 Likert scale) at the same wave (Spearman correlation=-0.4768, p\<0.001)."

\- The claim to predict hearing impairment based on the cognitive trajectories more than a decade in advance needs to be substantiated by a test on the ability of the intercept of these trajectories, i.e. a time point more than a decade earlier than the hearing test, to predict hearing impairment.

As we have only the longitudinal information for 14 years, we have revised the words "over the preceding decade" into "during the preceding decade" (page 4 lines 89-91).

 

Reviewer 1:

This article adds to the growing literature teasing out hearing-cognition relations in later adulthood. Unlike the majority of research in this area which focuses on hearing as a risk-factor for future cognitive decline -- this study considers the opposite direction and explores cognitive decline as a predictor of future hearing impairment. This is its key contribution to the literature.

The article is clearly written, the research question is justified with good rationale, and the methods relatively sound. I have the following comments to make:

Introduction:

Page 3, line 68: As I understand it, Kiely et al did include time-dependent measure of cognition and found incidence of cognitive impairment to be linked with higher hearing thresholds. So, yet limitations of Kiely et al remain -- they used a verbally administered screen of global cognitive function (the MMSE) and so were unable to look at cognitive domains or actuals trajectories. Thus, the work of this paper provides important addition.

One other important study to include is Armstrong et al 2018 Journals of Gerontology ( <https://doi.org/10.1093/gerona/gly268>) who used cross-lagged panel regression to explore reciprocal relationship between hearing and cognition over two time points. They did not find prior cognition to predict future hearing levels. I also encourage authors to consider the findings of Lindenberger and Ghisletta 2009 Psych and Aging (<https://psycnet.apa.org/record/2009-03151-001>) and the earlier work of Baltes and Lindenberger ('94, '97) who laid the theoretical foundations for this research question.

Thank you for the comments. We have revised our description on Kiely and colleagues' work in page 6 line 68, and included the suggested literature in our Introduction section (page 3-4, lines 67-84):

"In relation to the possibility that declining cognitive capacity leads to hearing loss, prior study hypothesise that the declining cognitive ability results in poorer auditory perception as reduced cognitive capacity may constrain perceptual processing of stimuli \[12, 15, 16\]. Alternatively, hearing loss and cognitive decline may be associated because of a shared common factor(s) \[13\].

A large amount of experimental research demonstrates that cognitive factors -- including memory, attention and processing speed -- are critical for 'listening' \[17-20\]. Cognitive factors also impact on performance on tests of low level auditory perception, including detection of pure tones \[21\]. But longitudinal evidence for declining cognitive capacity leading to hearing loss is limited. To our knowledge, only one study has shown that cognitive impairment was associated with faster declines in hearing threshold \[22\]. That study used data from two-waves of the Mini-Mental State Examination \[23\], a verbally administered screen of global cognitive function, to measure the cognitive ability. Unfortunately, the MMSE is sensitive to hearing function \[24\] and this susceptibility may have confounded the results. In contrast, a study using two waves of data from the Baltimore Longitudinal Study of Aging found that cognitive function in the first wave did not correlate with change in audiometrically assessed hearing function in the second wave \[25\]. However, those studies used data from two time points only 2 years apart which restrict potential to characterise trajectories of the cognitive function."

Methods

A self-rated hearing item has been applied to select the sample. This is appropriate as it restricts the sample to those more likely to be later identified with hearing impairment due to age related processes.

The definition of audiometric defined hearing impairment used at wave 7 is also reasonable, but should be made clear that this differs from the more commonly applied PTA\>25dB (mild), PTA\>40dB (moderate) for 500-4000 Hz etc...

We have include the use of the HearCheck Screen in the limitation section (page 17, lines 316-322):

"Thirdly, the objective measures of hearing function involved the HearCheck audiometric screener device instead of full audiometry. The accuracy of HearCheck has been established in a sample of adults a similar age to those in the cohort in this study \[55\]. HearCheck had 89% sensitivity and 62% specificity with respect of audiometrically tested hearing at 35 dB HL."

We have also included the reasons of using 35 dB HL at 1000 Hz and 3000 Hz as the threshold in this study (page 6, lines 133-136):

"These thresholds have been identified as being the most useful frequencies for screening for hearing impairment, indicating a level of hearing impairment such that a person would likely benefit from a hearing aid \[27\]."

Cognitive measures appear to be verbally administered -- associations between hearing and cognition may therefore be (in part) an artefact of verbal assessment. This is a common limitation in this line of research but should be acknowledged in the discussion.

We have include the limitation of cognitive measures we used in this study in limitation section (pages 17-18, lines 320-322):

"Fourth, the cognitive ability was measured using verbally administered tests. The significant relationship between the trajectories of recall memory and hearing function in this study may therefore be an artefact of verbal assessment."

Much more information on the modelling of the latent classes is needed. Are the latent classes derived from intercept and slope factors from a latent growth curve? How was variance within the classes estimated? etc.

We have included the explanation of the latent class trajectory models in the Method section (pages 7-8, lines 168-177):

"In the first phase, we built latent class trajectory models to identify trajectories of recall memory scores over 13 years. Latent class trajectory models is an extension form of finite mixture modelling, which describes the course of recall memory scores through a regression function using continuous latent growth factors \[32\]. We used a latent class trajectory model as it could classify respondents into distinct groups based on their response patterns so that respondents within a group are more similar than respondents between groups. The intercept represent the level of recall memory scores at baseline. The change in recall memory scores over time is accounted for by the linear and quadratic slopes of the growth factors. We calculated the posterior probabilities for each trajectory taking into account the respondents' age (at baseline), sex, and educational level."

Table 1

Without referring to deep into the results section it is not clear what is meant by "most advantaged". What is the variable stratifying the sample in the columns? This should be made obvious in the table header.

We have revised the table header to follow the name of four trajectories identified in the manuscript: the highest, 2nd, 3rd, and lowest recall memory trajectories.

Please ensure consistent reporting to decimal places. (e.g. age SD reported as 7 rather than 7.0 for class 3 and class 4)

We have revised the tables and make sure that the decimal places in all numbers reported are consistent.

Table 1 refers to wealth. Is this wealth or income? In text it appears to be referred to as income.

We have revised the word "income" into "wealth" in Table 1.

Figure 1 and the latent classes

These are interesting, but appear to simply reflect differences in levels? Are there differences in the way these classes are changing over time?

Yes, we have explained in Results section (page 12 lines 215-217) regarding the slopes of the different trajectories:

"The highest recall memory trajectory took on a strongly curvilinear shape and showed cognitive maintenance after age 50, while the cognitive trajectory of respondents included in the lowest group showed a linear decline."

Why does the line in figures 1 for most advantaged class stop around age 85 whereas other classes lines continue to age 90? It looks like the grades of cognitive advantaged trajectories are strongly tied with age. Is this true? I would like to see mention of this on page 9-10 (lines 180-184) where a description of characteristics of each class is proved. i.e. most advantaged class has higher income, more education, more social engagement, higher levels of exercise AND is also younger, which may explain all these differences?

We have provided the description of characteristics of each class in page 12 lines 219-221, including the possible effect of age:

"Respondents with the highest recall memory trajectory were likely to perform better on the memory test over time, younger, to be wealthier, and better educated than those with lower recall memory trajectories."

I wonder if it would have been simpler, and just as instructive, to regress hearing impairment at wave 7 on latent factors for intercept and slope that are estimated from a latent growth curve for cognition.

We have included the explanation of the latent class trajectory models in the Method section that we used latent class trajectory model as it could identify respondents into distinct groups based on their response patterns so that respondents within a group are more similar than respondents between groups.

We further performed logistic regression model to identify the relationships between recall memory trajectories and the odds of having hearing impairment (page 8, lines 187-189):

"In the third phase, a logistic regression of hearing impairment on recall memory trajectories while controlling for other determinants in wave 7 was explored. The previously developed four-class trajectories were maintained."

Table 2

Am I correct in interpreting the coefficients as the log-odds as the outcome is binary? Is this effectively a logistic regression? Some readers might benefit from reporting of odds ratios.

We have revised the analyses and reporting the results using odds ratio (95% confidence intervals).

Discussion:

Overall the discussion is very nicely presented.

Again, I felt the manuscript would benefit from bringing stronger theoretical foundations earlier outlined by Baltes and Lindenberger. Schneider and Pichora-Fuller's chapter in Craik and Salthouse' Handbook of Aging and Cognition (2000) also give very thorough account of this.

Thank you for the comment. We are agree with it. We have thus added the information to compliment the potential mechanisms presented in Introduction section (Page 3-4 Lines 64-85):

A number of mechanisms are proposed in the literature: declining cognitive capacity leading to hearing loss, poorer hearing function causing accelerated cognitive decline \[6-8\], and the presence of third factors causing both types of decline \[13, 14\]. In relation to the possibility that declining cognitive capacity leads to hearing loss, prior study hypothesise that the declining cognitive ability results in poorer auditory perception as reduced cognitive capacity may constrain perceptual processing of stimuli \[12, 15, 16\]. Alternatively, hearing loss and cognitive decline may be associated because of a shared common factor(s) \[13\].

A large amount of experimental research demonstrates that cognitive factors -- including memory, attention and processing speed -- are critical for 'listening' \[17-20\]. Cognitive factors also impact on performance on tests of low level auditory perception, including detection of pure tones \[21\]. But longitudinal evidence for declining cognitive capacity leading to hearing loss is limited. To our knowledge, only one study has shown that cognitive impairment was associated with faster declines in hearing threshold \[22\]. That study used data from two-waves of the Mini-Mental State Examination \[23\], a verbally administered screen of global cognitive function, to measure the cognitive ability. Unfortunately, the MMSE is sensitive to hearing function \[24\] and this susceptibility may have confounded the results. In contrast, a study using two waves of data from the Baltimore Longitudinal Study of Aging found that cognitive function in the first wave did not correlate with change in audiometrically assessed hearing function in the second wave \[25\]. However, those studies used data from two time points only 2 years apart which restrict potential to characterise trajectories of the cognitive function."

We further explored those potential mechanisms and included the theoretical foundations in the Discussion section (page 15-16 lines 263-293):

"From a theoretical perspective, this study provides the first evidence that decreased recall memory ability predicts hearing impairment. The pathways between cognition and hearing function among older adults are not well understood. One plausible mechanism of the relationship is neurobiological. Research has established the positive correlations between cognitive function and total brain volume \[34-36\], which may influence the functioning of auditory processes in the brain. Histopathological involvement of auditory cortices has been found in Alzheimer's disease and other dementias \[37-39\]. The general process in the central auditory system includes matching new inputs with existing memory as well as experience of the auditory world with other sensory systems \[40, 41\]. In addition to the process within the auditory system, there is a cortico-cortical process that provides integration of the auditory process and other sensory systems, memory, knowledge, and decision-making processes. The neurodegenerative process may disrupt both central auditory and cortico-cortical processes, leading to deficient perception of sounds and a more cautious or impaired decision-making process. A study in the US found that auditory cortical activity as measured by P50 amplitude and P300 latency decreased with normal ageing and decreased additionally with mild cognitive impairment \[42\].

Another potentially relevant mechanism is a shared underlying pathology, such as vascular diseases or intrinsic cellular ageing, that leads to ageing of both the brain and the auditory organs \[13, 14, 16, 43, 44\]. However, further explanation is warranted because the association between recall memory trajectories and the presence of hearing impairment in the present analyses remained after controlling for the effects of potential covariates (e.g. age, stroke, heart diseases).

Finally, recent trajectories of recall memory scores could also potentially predict hearing impairment through the broader influence of cognitive ability on physical activity. Likewise, social networks could mediate the observed association of cognition and a higher probability of hearing impairment. Better cognition may facilitate physical activity \[45\], which in turn protects older adults against chronic diseases \[46, 47\]. The presence of chronic diseases, including stroke, diabetes, hypertension and other cardiovascular diseases, are among the risk factors for hearing impairment \[28-30\]. Better cognitive function is associated with richer social networks \[48\], and similar to physical activity, social relationships are important for good health \[49, 50\]."

There is discussion of clinical perspectives and managing hearing loss. What is missing (or could at least be made more clearly) is consideration of the implications of these findings for hearing aid use. If cognitive impairment/decline/problems predict future hearing impairment, then this may presents a challenge for adjustment to new hearing aids and effective use of hearing aids among those with cognitive limitations.

We have include the implications of our findings for hearing aid use in page 17 lines 300-303:

"Our findings that cognitive decline predicts future hearing impairment may also presents a challenge for adjustment to new hearing aids and effective use of hearing aids among those with cognitive limitations."

 

Reviewer 2:

This study evaluates associations between classes of recall memory trajectories and hearing impairment in old age. The classes were derived from latent class growth mixture models fitted to wave 1-7 from the English Longitudinal Study of Aging, and hearing impairment was defined as the inability to hear tones quieter than 35 dH HL at wave 7.

Given the way the data analyses were executed, I found it difficult to grasp what is the actual contribution of the study beyond what we already know from previous work, i.e., that memory performance and hearing impairment are correlated (at the population level) in old age. It is unclear what combination of parameters in the growth models are used to derive and define the classes, is it the level, slope, variance/covariance structure, residuals, and so forth? This information is essential for interpretation of the findings.

We have included the explanation of the latent class trajectory models in the Method section (pages 7-8, lines 168-177):

"In the first phase, we built latent class trajectory models to identify trajectories of recall memory scores over 13 years. Latent class trajectory models is an extension form of finite mixture modelling, which describes the course of recall memory scores through a regression function using continuous latent growth factors \[32\]. We used a latent class trajectory model as it could classify respondents into distinct groups based on their response patterns so that respondents within a group are more similar than respondents between groups. The intercept represent the level of recall memory scores at baseline. The change in recall memory scores over time is accounted for by the linear and quadratic slopes of the growth factors. We calculated the posterior probabilities for each trajectory taking into account the respondents' age (at baseline), sex, and educational level."

Also, reasons and justification for the model selection is unclear to my. What is actually gained by relying on latent class modelling in the context of the data and research questions? Is a multivariate normal assumption unrealistic for some reasons? Are there any neuronal factors or data patterns that may justify the mixture assumption? To me, it seems more informative to rely on the multivariate normal assumption and simply fit a conventional growth curve model to the data using the hearing impairment as covariate determining recall level and change, unless there are some specific reasons why that model could be misleading.

We used latent class trajectory model as it could identify respondents into distinct groups based on their response patterns so that respondents within a group are more similar than respondents between groups.

For matter of communicative precision I suggest that you replace "cognitive function" for "recall memory" in the title (and the rest of the manuscript).

We have replaced the words "cognitive function" with "recall memory" in the title and the rest of manuscript.
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Trajectories of recall memory as predictive of hearing impairment: A longitudinal cohort study

PLOS ONE

Dear Dr Maharani,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

We would appreciate receiving your revised manuscript by Jun 08 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Bolajoko O. Olusanya, MBBS, FMCPaed, FRCPCH, PhD

Academic Editor

PLOS ONE

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: I am satisfied the authors have responded reasonably to all my prior comments, and I thank them for taking on board my suggestions. I only have the following 3 minor suggestions to make:

1\) Please check citation \[22 -- Kiely et al\] which examined MMSE change over more than 2 waves of data (4 waves spanning 11 years).

2\) Despite being generally sceptical about GMMs I am overall happy with the methods and results as presented -- but there are still details about the GMM I would like to see in supplementary table, as this would help make clear how these were estimated. For example, how was the within-class variance modelled? Was variance fixed to be constant within classes, or was it free to vary within classes? A supplementary table showing the full parameterisation of the GMM would clarify this.

3\) My queries about Figure 1 (why does line end at age 85 end for one class, but extend beyond this range for other classes?) and comments about strong age gradient by trajectory classes were not addressed. Even though these models are adjusted for linear effects of age, I still wonder about the extent to which the substantive finding is driven by age?

Reviewer \#3: In 'Trajectories of recall memory as predictive of hearing impairment: a longitudinal cohort study,' Maharani and colleagues examine the relationship in later life between cognitive function and subsequent hearing loss. They find that individuals with lower performance on a recall memory task are significantly more likely to develop hearing loss. The manuscript is clearly written and the analysis appear carefully done. A large sample size offsets some weakness in the assessment of hearing loss, which was self reported at the study onset and based on the HearCheck screener at the final time point. The manuscript should be of interest to readers of PLOS ONE. The main significance of the work is that it provides insight into the directionality of the relationship between cognitive decline and HL (the former potentially leading to the later).

One aspect of the results that is clear from figure 1 but could be clarified more in the text, throughout the manuscript, is that different classes of memory recall trajectory differ more in their starting point or mean than in the rate of decline.

A second issue that does not appear to be discussed is that the proportion of individuals with objective hearing loss in the study sample appear rather low for this age group, at 6.9%. This could be related to the requirement for HL at 500 Hz, which typically occurs later.

Line 31. It seems important to clarify here that absence of hearing loss was 'self reported'

Lines 34-36. Rather than describing model selection here, it might be more useful to sketch out differences in the identified trajectories including different starting points.

Line 49. Remove 'the' after '1989'.

Line 113. Do the authors have information on which individuals used hearing aids? It seems like they should be excluded if possible since the objective hearing screening was likely not performed with a hearing aid.

Line 160. Please clarify what how moderate and vigorous exercise were distinguished. Was there a different question for each?

Line 194. Please clarify that this was a second analysis.

Line 209. It would helpful to have something at the top of the table indicating that 'Highest', '2nd\', etc. refers to the recall trajectory. A header may be missing over 'Drinking regularly' since this is not a 'Smoking Behavior'.

Line 215. Here is where it would be good to describe the difference in the intercepts/starting points.

Line 217. The decline does not appear 'linear' in Fig. 1.

Line 238. It would help to indicate the difference between the two columns at the top of the table, i.e., to somehow indicate that the right column includes the recall trajectory. Also, the meaning of the symbols (presumably related to significance) appears to be missing. Finally, the confidence interval for 'vigorous physical activity' contains 1 but is marked as significant. Please clarify.

Line 255. Noting the different intercepts for the various trajectories would be helpful here. Again, the decline does not appear 'linear'.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#3: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0234623.r004

Author response to Decision Letter 1

25 May 2020

Dear Reviewer,

We are very pleased with the review and your efforts in giving feedback on the manuscript. Your recommendations were very useful to strengthen the article. Below you will find your comments numbered and in italic, each followed by a short description of how the comment is implemented in the revised manuscript (in normal font). We have highlighted the changes within the revised manuscripts using coloured text. The number of page and paragraph in our responses refer to the revised manuscripts. We hope that we succeeded in strengthening the paper.

Yours sincerely,

The authors

Reviewer 1:

I am satisfied the authors have responded reasonably to all my prior comments, and I thank them for taking on board my suggestions. I only have the following 3 minor suggestions to make:

1\) Please check citation \[22 -- Kiely et al\] which examined MMSE change over more than 2 waves of data (4 waves spanning 11 years).

We have revised the citation in the Page 4 lines 79:

'To our knowledge, only one study has shown that cognitive impairment was associated with faster declines in hearing threshold \[22\]. That study used data from four waves spanning 11 years of the Mini-Mental State Examination, a verbally administered screen of global cognitive function, to measure the cognitive ability \[22\].'

2\) Despite being generally sceptical about GMMs I am overall happy with the methods and results as presented -- but there are still details about the GMM I would like to see in supplementary table, as this would help make clear how these were estimated. For example, how was the within-class variance modelled? Was variance fixed to be constant within classes, or was it free to vary within classes? A supplementary table showing the full parameterisation of the GMM would clarify this.

In our analysis, we performed latent class growth analysis, in which the variance and covariance estimates for the growth factors within each class are assumed to be fixed to zero. By this assumption, all respondents' growth trajectories within a class are homogenous. We provide the regression parameters of the latent class models in Supplementary Table 2.

3\) My queries about Figure 1 (why does line end at age 85 end for one class, but extend beyond this range for other classes?) and comments about strong age gradient by trajectory classes were not addressed. Even though these models are adjusted for linear effects of age, I still wonder about the extent to which the substantive finding is driven by age?

We have added the explanation on Figure 1 in Page 12 lines 220-222:

'The trajectory of recall memory among the respondents in the highest recall memory group ends at 86 as they are younger than other age groups. The oldest respondent in that group was aged 86 in the final wave.'

 

Reviewer 3

In 'Trajectories of recall memory as predictive of hearing impairment: a longitudinal cohort study,' Maharani and colleagues examine the relationship in later life between cognitive function and subsequent hearing loss. They find that individuals with lower performance on a recall memory task are significantly more likely to develop hearing loss. The manuscript is clearly written and the analysis appear carefully done. A large sample size offsets some weakness in the assessment of hearing loss, which was self-reported at the study onset and based on the HearCheck screener at the final time point. The manuscript should be of interest to readers of PLOS ONE. The main significance of the work is that it provides insight into the directionality of the relationship between cognitive decline and HL (the former potentially leading to the later).

1\. One aspect of the results that is clear from figure 1 but could be clarified more in the text, throughout the manuscript, is that different classes of memory recall trajectory differ more in their starting point or mean than in the rate of decline.

We have added the explanation on Figure 1 in Page 12 lines 219-220:

'The recall memory trajectories in Figure 1 differ in the intercepts and mean of the memory scores.'

2\. A second issue that does not appear to be discussed is that the proportion of individuals with objective hearing loss in the study sample appear rather low for this age group, at 6.9%. This could be related to the requirement for HL at 500 Hz, which typically occurs later.

We have added the discussion on the low prevalence of objective hearing impairment in Page 17-18 lines 320-329:

'The proportion of the respondents with objective hearing impairment included in this study was lower for the age group (6.9%). Prior studies using national samples showed that the prevalence of hearing impairment among adults aged 50 years and older ranges from 20 to 40% \[55\]. The definition of hearing loss in this study was not the usual four frequency average of thresholds at 500, 1000, 2000 and 4000 Hz. It was performance on a pure tone audiometry screen with hearing loss equivalent to better ear threshold \>35 dB HL at 1000 or 3000 Hz. Hearing loss usually appears first at higher frequencies, so including lower frequencies in an average hearing loss may make the hearing loss index less sensitive to early hearing loss. The 3000 Hz criterion for our hearing loss measure should make it reasonably sensitive to early hearing loss.'

3\. Line 31. It seems important to clarify here that absence of hearing loss was 'self-reported'

We have revised the sentence in Page 2 line 31 into:

'The study population consisted of 3,615 adults aged 50+ who participated in the first wave of the English Longitudinal Study of Ageing, who had no self-reported hearing impairment in Wave 1, and who underwent a hearing test in Wave 7.'

4\. Lines 34-36. Rather than describing model selection here, it might be more useful to sketch out differences in the identified trajectories including different starting points.

We have added the explanation in the Page 2 lines 37-38:

'The different recall memory trajectories represent different starting points and mean of the memory scores.'

5\. Line 49. Remove 'the' after '1989'.

We have removed the word 'the' after '1989' in Page 3 line 50.

6\. Line 113. Do the authors have information on which individuals used hearing aids? It seems like they should be excluded if possible since the objective hearing screening was likely not performed with a hearing aid.

We are interested in hearing impairment (pathology) indexed by pure tone audiometry test, not functional hearing. There is thus no basis for removing hearing aid users in our study. Excluding hearing aid users would exclude a high proportion of people with audiometric hearing loss, and reduce sensitivity of the analysis.

7\. Line 160. Please clarify what how moderate and vigorous exercise were distinguished. Was there a different question for each?

We have included the explanation on Page 7 lines 162-164:

'We categorised respondents as engaging in moderate and vigorous physical exercise if they reported exercising as least once a week. The respondents responded to the questions whether they take part in sports or activities that are vigorous and moderately energetic, respectively.'

8\. Line 194. Please clarify that this was a second analysis.

We have clarified in Page 9 line 196 that the analysis was the second analysis.

9\. Line 209. It would helpful to have something at the top of the table indicating that 'Highest', '2nd\', etc. refers to the recall trajectory. A header may be missing over 'Drinking regularly' since this is not a 'Smoking Behavior'.

We have revised the top of Table 1 and included 'recall memory' to better explain the recall trajectory. We have also included the header 'Drinking behaviour' in the Table.

10\. Line 215. Here is where it would be good to describe the difference in the intercepts/starting points.

We have added the explanation about the difference in intercepts in the Page 2 lines 37-38:

'The different recall memory trajectories represent different intercepts and mean of the memory scores.'

11\. Line 217. The decline does not appear 'linear' in Fig. 1.

We have removed the sentence in Page 12 line 219.

12\. Line 238. It would help to indicate the difference between the two columns at the top of the table, i.e., to somehow indicate that the right column includes the recall trajectory. Also, the meaning of the symbols (presumably related to significance) appears to be missing. Finally, the confidence interval for 'vigorous physical activity' contains 1 but is marked as significant. Please clarify.

We have included the information on the different models presented in Table 2, added the information of the symbols and revised the significance for 'vigorous physical activity'.

13\. Line 255. Noting the different intercepts for the various trajectories would be helpful here. Again, the decline does not appear 'linear'.

We have rewritten the sentence in Page 15 lines 257-259:

'Supporting prior research \[33\], we identified the highest recall memory trajectory and the lowest recall memory trajectory over time.'
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Dear Dr. Maharani,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Bolajoko O. Olusanya, MBBS, FMCPaed, FRCPCH, PhD

Academic Editor

PLOS ONE
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Trajectories of recall memory as predictive of hearing impairment: A longitudinal cohort study

Dear Dr. Maharani:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Bolajoko O. Olusanya

Academic Editor

PLOS ONE
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